Introduction
The ''Flower Code'' was originally described in the Drosophila imaginal discs as a mechanism used by proliferating epithelial cells to recognize, eliminate, and subsequently replace slow dividing cells during tissue growth [1, 2] , a phenomenon known as ''cell competition'' [3] [4] [5] [6] . The flower (fwe) locus [2, 7] gives rise to three isoforms of a cell membrane protein with three transmembrane domains: Fwe Ubi , Fwe Lose-A , and Fwe
Lose-B ( Figure 1A ) [2] . The three isoforms share the N-terminal and transmembrane domains and differ solely in their C-terminal extracellular part ( Figure 1A ) [2] . During development, Fwe
Ubi is ubiquitously produced in the wing imaginal disc, but if slow dividing cells appear as a consequence of mutations, the slow dividing cells downregulate Fwe Ubi and upregulate the two Fwe Lose isoforms [2] . In Drosophila, the Fwe Lose isoforms are sufficient and necessary to initiate the recognition and subsequent elimination of slow dividing cells [2] by programmed cell death [5] . Such elimination and replacement is triggered if ''fitter'' cells are present to substitute the slow dividing ones [2] . Therefore, it has been proposed that a differential display of extracellular Flower domains ( Figure 1A ) indicates cellular fitness [1, 2] . There is evidence that the mechanism may be conserved in mammals in which at least four different Flower isoforms are present [8] , among which two isoforms seem to specify the ''Lose-fate'' [8] .
Here, we ask whether the ''Flower Code'' is restricted to the elimination of slow dividing cells caused by somatic mutations or if it could constitute a more general mechanism for cell recognition and selection occurring also in postmitotic cells (e.g., neurons) and in the absence of somatic mutations.
To this end, we turned to the Drosophila retina as a model to study which genes contribute to the removal of supernumerary sensory neurons. The Drosophila eye consists of 800 ommatidia in which each unit is formed by eight photoreceptor neurons (R1-R8) (Figure S1 available online), four cone cells ( Figure S2 ), and is surrounded by secondary and tertiary pigment cells [9, 10] . At the periphery of the retina, incomplete ommatidia are formed, probably because not enough neurons can be recruited to build a complete unit [11] ( Figure S3 ). It is believed that such rudimentary photoreceptors are physiologically eliminated during development [12] at the pupal stage [11] in order to purge nonfunctional connections that could interfere with the correct perception of the environment [11, 12] .
In order to test whether the Flower Code was involved in the recognition of such incomplete units, we genetically downregulated or overexpressed different Flower isoforms in the Drosophila retina. Here, we show that the Flower isoforms are required and sufficient for the recognition and elimination of peripheral photoreceptors. Interestingly, the function of the isoforms appears to be tissue specific because all photoreceptor neurons constitutively express Fwe Ubi and Fwe Lose-A , whereas the Fwe Lose-B isoform is uniquely expressed in the neurons to be culled. This is the first description in which Flower coding specifies the elimination of postmitotic cells, thereby fulfilling an important physiological role, which is independent of external insults. Given the conservation of the fwe locus, our results suggest that cell-cell interactions based on fwe may play a general role in sculpting neural networks by selecting optimal neurons and culling unwanted cells.
Results

Flower
Lose-B Expression Is Spatially Restricted to Peripheral Ommatidia In order to study the role of Flower during retina development, we first confirmed that peripheral ommatidia associated with incomplete photoreceptor units ( Figures S3A and S3B ) undergo apoptosis at the pupae stage, as previously reported [11] . Pupal retinas, 44 hr after pupal formation (APF), were stained with the panneuronal marker Elav [13] and TUNEL [3] as a marker of cell death ( Figures 1B-1D) .
Next, we examined the expression pattern of the three Flower protein isoforms ( Figure 1A) Figures S4A-S4D) , consistent with the fact that these two isoforms were found to have redundant functions in Drosophila neurons [7] .
In contrast, Flower Lose-B was specifically expressed at the periphery of the retina (Figures 1K-1M ) in the region where photoreceptor neurons are undergoing programmed cell death ( Figures 1B-1D ). 
Lose-B Expression Is Limited in Time during Retina Development During development there are two events during which apoptosis occurs in the retina. The first event, 24 hr APF, is called ''early cell death'' (Figures S1A-S1D) and leads to the elimination of excess epithelial precursors [12] . Epithelial cells that survive differentiate later into pigment cells. The second event, 40-46 hr APF, is called ''late cell death'' and peripheral ommatidia are eliminated from the final structure [11] . To further understand the role of Flower in the developing retina, the expression pattern for Flower Lose Figures 2M-2T ). This expression pattern is consistent with a specific role for Flower Lose-B in the elimination of peripheral photoreceptors during the ''late cell death'' event. On the contrary, the Flower Lose-A isoform keeps invariably expressed throughout the retina (Figures 2B-2T ). coincides with the region and timing of neuronal culling ( Figure 3 ).
Photoreceptor Neurons to Be Purged Express Flower
Flower
Lose-B Acts Downstream Wingless Signaling The Wingless pathway [14] is a known mediator of peripheral photoreceptor death [11] . Wingless (Wg) is expressed in peripheral ommatidia and induces the local death of those neurons [11] . To find a possible relation between Wingless and Flower Lose-B expression, we performed epistasis analysis using overexpression of Daxin, a negative regulator of the Wg pathway [15, 16] , which was overexpressed selectively in the Drosophila eye by the GMR-Gal4 promoter, not being detrimental to neuronal differentiation and polarity ( Figures S3C-S3H Lose-B in the retina. In particular, we used a UAS-RNAi construct targeting all three fwe transcripts (BL-27323) and two different hairpins, a short and a long hairpin, specifically designed against the fwe Lose forms (see Experimental Procedures). In all cases, fwe and control (yellow) RNAis were driven by the Drosophila eye promoter GMR-Gal4. For all genotypes, retinas were stained 44 hr APF for TUNEL as apoptotic marker and the number of dying cells was quantified. We found a significant reduction of neuronal death when downregulating all Flower isoforms (only 46.5% of the normal levels of cell death still occurred) (Figures 4A-4E) and almost complete inhibition of neuronal death when specifically downregulating the Flower Lose isoforms using two different hairpins (with the Long hairpin 33% and with the Short hairpin only 9.3% of the normal levels of cell death still occurred) ( Figures 4A and 4F-4I ), whereas neuronal cell death was not affected by RNAi against yellow ( Figure 4A ) or when another UAS construct was used (UAS-lacZ) ( Figures 4A-4C) .
In order to test whether other genes previously described in cell competition may also play a role in determining the fate of supernumerary neurons in the retina, we genetically altered the levels of Drosophila SPARC (dSPARC), a secreted glycoprotein [17] , which is upregulated in epithelial cells upon cell competition to protect them from cell death [1] . SPARC overexpression is sufficient to rescue the death of slow dividing cells as a consequence of somatic mutations but not other types of morphogenetic and physiological cell death [1] . We therefore overexpressed SPARC with GMR-Gal4 and quantified the number of TUNEL-positive cells compared to control settings in which LacZ was overexpressed. Interestingly, SPARC activation in the retina also acted as a protective cue, since the extent of physiological neuronal death during development was reduced (17.95% of the normal levels of cell death occurred) ( Figures 4A-4C and 4F-4K), unlike in other cases of physiological cell death (e.g., during male genitalia rotation [18] [19] [20] , in which overexpression of SPARC was ineffective as previously described [1] ). SPARC overexpression therefore seems to be able to rescue the death of slow dividing cells as a consequence of somatic mutations [1] and certain types of physiological cell death such as apoptosis of unwanted retinal neurons during development, processes in which the Flower Code plays a prominent role. in clones was sufficient to induce cell death ( Figures 5A-5O ) of photoreceptor neurons in intact units (5-fold increase compared to the control) ( Figure 5E ). In contrast, activation of Flower Lose-A or LacZ as a control did not provoke neuronal death (Figures 5A-5O ). This is consistent with the fact that Flower Lose-A is expressed naturally by the neuronal layer ( Figure 1H ).
Finally, we overexpressed Flower Lose-B ubiquitously in the retina, using pupae subjected to extensive heat shock in which all cells overexpress UASfwe LoseB driven by the actin promoter (act > Gal4; UASfwe LoseB ). Interestingly, ubiquitous expression of Flower Lose-B did not induce neuronal death (Figures 5E and was downregulated using a general UASfweRNAi against all fwe isoforms and short or long hairpins (shp and lhp, respectively) specifically directed against fwe Lose isoforms. All constructs were driven by the GMR-Gal4 promoter. p values were calculated using a K independent samples test, *p < 0.05; **p < 0.01. (B-K) Representative images of the retinas quantified in (A) (44 hr APF). TUNEL staining (magenta) shows apoptotic cells for the following genotypes: GMR-Gal4; UASlacz (B and C); GMR-Gal4; UASRNAifwe (D and E); GMR-Gal4; UASfweLose (shp) (F and G); GMR-Gal4; UASfweLose (lhp) (H and I); GMR-Gal4; UASsparc (J and K). Panels on the right represent overlays with nuclei stained with DAPI (blue; C, E, G, I, and K). Neuronal cell death was inhibited significantly downregulating Flower isoforms and highly significantly using specific hairpins against Flower Lose isoforms (GMRGal4 > UAS-RNAiFlower p = 0.045, GMR-Gal4 > UAS-RNAiFlower Lose (short hairpin) p < 0.001, GMR-Gal4 > UAS-RNAiFlower Lose (long hairpin) p < 0.001) compared with GMR-Gal4 > UASlacZ and GMR-Gal4 > UAS-RNAiYellow control retinas. SPARC overexpression (GMR-Gal4 > UASsparc) also reduced TUNEL-positive photoreceptor cells compared with GMR-Gal4 > UASlacZ and GMR-Gal4 > UAS-RNAiYellow control retinas (p < 0.001). Error bars show SD. 5L-5O), suggesting that detection and comparison of Flower Lose-B levels among neighboring neurons mediates neuronal death.
One implication of this model, in which relative differences of Flower Lose-B levels are required to trigger cell elimination, is that ubiquitous expression of Flower Lose-B should not only fail to trigger cell death, but also block the physiological death of peripheral neurons, because all photoreceptors will now express high levels of Flower Lose-B . To test this important prediction of the model, we again overexpressed broad Flower Lose-B driven by the actin promoter (act > Gal4; UASfwe Lose-B ) and looked at the consequences that this ubiquitous expression has during developmental apoptosis of the peripheral neurons. Confirming the prediction, no developmental apoptosis was observed at the periphery when all photoreceptor cells express the same levels of Flower Lose-B ( Figures 5P and 5Q ). Moreover, similar results were obtained when Flower Lose-B expression was driven by the GMR-Gal4 eye-specific promoter ( Figures 5R and 5S ), which also completely blocked apoptosis. From this striking result, we conclude that the Flower Code requires cell-to-cell communication and that relative differences of Flower Lose-B levels are required to trigger cell elimination.
Flower Lose-B Kills Independently of Wingless Signaling and snail Function We have shown that Flower
Lose-B is downstream of Wingless signaling and that it is sufficient to kill neurons in the retina. To further test this model more directly, we produced patches of cells activating daxin that also express Flower
Lose-B and found that apoptosis was still induced (Figures 5T and 5W) . The same rational was used to test the function of snail, which has been shown to be an upstream mediator of peripheral retina cell death [22] . We produced patches of cells expressing Flower Lose-B and concomitantly downregulating snail with an RNAi construct (UAS-RNAisnail) and again found that apoptosis was still induced (Figures S4E-S4H ). This confirms that Flower Lose-B is physiologically induced by wingless in the peripheral retina but, once activated, kills independently of Wingless signaling and snail function. Figures 6A-6D ).
First, we expressed them selectively in photoreceptor neurons using an elav-Gal4 driver. We found that targeting these photoreceptor cells alone suppressed physiological cell death assayed by the number of TUNEL-positive cells found at the periphery of the retina when we overexpressed Flower Lose-B (elav > G4; UASfwe Lose-B ) and SPARC (elav > G4; UASsparc) but not when we overexpressed Flower ubi or Flower Lose-A (Figures 6A, 6E, and 6F ). This suggested that direct comparison of Flower Lose-B levels among neurons was sufficient. To test whether it was absolutely necessary or whether comparisons among neurons and other cell types could also contribute, we took advantage of the Gal-80 repressor to inhibit expression in neuronal cells using the GMR-Gal4 driver (elav-Gal80; GMR-GAL4). Under these conditions, we are expressing the Flower isoforms throughout the retina in all the cone cells and all the pigment cells but not in the neurons.
Expression of Flower
Lose-B or SPARC in all cone cells and all the pigment cells did not affect peripheral ommatidia cell death ( Figures 6B, 6G , and 6H). This confirms that direct comparison of Flower Lose-B levels among neurons was absolutely necessary for neuronal culling.
Finally, we used drivers that are expressed specifically in cone cells and primary pigment cells in the retina. winglessGal4 is expressed in cone cells between 28 and 32 hr APF [11] , but expression of Flower Lose-B in all cone cells did not affect peripheral ommatidia cell death ( Figures 6C, 6I , and 6J). Next, we used sparkling-Gal4 to overexpress the different isoforms in primary pigment cells and cone cells [23] and again no significant difference in the number of apoptotic TUNELpositive cells was found ( Figures 6D, 6K, and 6L) .
From this we conclude that direct comparison of Flower Lose-B levels among neurons was absolutely necessary and sufficient for neuronal culling.
Discussion
Neuronal networks receiving visual input are responsible for our perception of the environment, and therefore elimination of unwanted connections by pruning is believed to be important for correct neural function [24] [25] [26] [27] [28] . Likewise, a failure to cull unwanted, defective, mispositioned, or supernumerary neurons should be important to avoid distorted perceptions of reality [29] [30] [31] [32] . However, the study of the mechanisms responsible for neuronal culling has received less attention than the genetics involved in synapse pruning [30] .
Here, we studied the mechanisms of neuronal culling in Drosophila and found that specific Flower isoforms are required and sufficient for the recognition and elimination of unwanted sensory neurons. The mechanism resembles the function of the Flower proteins during the elimination of slow dividing cells in Drosophila [2, 8] , but the individual role of the isoforms appears to be cell-type specific, because all photoreceptor neurons constitutively express two isoforms, Fwe neurons as Lose form and specifically marks the neurons to be purged.
Since defective photoreceptors normally appear localized to the eye periphery, we propose that the ''Flower Code,'' which is normally activated in randomly appearing unfit cells [2] , became regulated by a positional cue such as Wingless in the context of eye development. This may provide an explanation to why wingless activation, which is normally a prosurvival pathway [33, 34] in Drosophila and mammals, is transformed into a proapoptotic signal in the periphery of the Drosophila eye.
We also find that direct comparison of Flower Lose-B levels among neurons was absolutely necessary and sufficient for neuronal culling. One interesting aspect of this comparison is how the interaction occurs, because each ommatidia is isolated from neighboring ommatidia by surrounding nonneural cells (such as the cones and the pigment cells). One possible explanation is that neurons compare their levels of Flower Lose-B among axons when they bundle into the optic stalk, but a direct test of this hypothesis is lacking at this time. Alternatively, Flower
Lose-B -expressing neurons might respond to a secreted signal emanating from neurons not expressing Flower Lose-B . Importantly, this is the first description of Flower coding in the elimination of postmitotic neurons revealing a physiological role for the conserved transmembrane protein in the nervous system in the absence of external insults. Our results suggest that the Flower Code may have similar roles in sculpting and maintaining optimal neural networks in higher organisms and may have implications for normal neurological function or disease. For example, in mammals, during lifelong adult neurogenesis, active neuronal selection is known to occur in the hippocampus [35] [36] [37] [38] . This is believed to be linked to memory storage and, interestingly, the process is competitive in nature since only a few of the newborn neurons survive [37] . However, despite their importance, neural selection mechanisms are poorly understood. It would be interesting to know whether the Flower Code in mammals is implicated in those processes of neuronal selection and plasticity.
Most importantly, a picture starts to appear, in which different isoforms of the Flower protein are displayed at the cell membrane of many, if not all, cell types, whereby certain ''Flower fingerprints'' can signal suboptimal fitness. Cells expressing those isoforms are therefore recognized and culled from the tissue. By judging the newest finding in the nervous system, the ''Flower Code'' seems to emerge as a more general mechanism of cell recognition and selection than previously acknowledged [2] .
Experimental Procedures
Drosophila Genetics Fly stocks and crosses were maintained on standard medium at 25 C. Fly stocks were the following: Flower reporter, w; flower 
Retinas Dissection and Immunostaining
White pupae were selected and kept at 25 C. We dissected 24 hr, 28 hr, 30 hr, 34 hr, 36 hr, 40 hr, 42 hr, 44 hr, and 46 hr APF pupal retinas in PBS media, fixed in 4% PFA 30 min at room temperature (RT), washed twice in PBSTriton-X 0.4% at least 20 min, blocked with PBT 1%/1% BSA 20 min, and incubated with primary (overnight at 4 C) and secondary antibodies (2 hr at RT). Retinas were mounted in Vectashield with DAPI (Vectorlabs). The following antibodies were used: rat monoclonal anti-Elav (1:50), mouse monoclonal anti-Prospero (1:50), mouse monoclonal anti-Cut (1:50), mouse monoclonal anti-Flower Ubi (1:50) [2] , and mouse monoclonal anti-Dlg (1:50).
TUNEL Staining
All retinas were dissected 44 hr APF and stained for TUNEL (Roche) as is described in [3] .
Clone Analysis and Image Acquisition
Heat shocks were applied in a 37 C water bath at the white pupae stage for 3-6 min. Images were acquired in Leica TCS SP2 or SP5 confocal microscopes.
Statistical Analysis
Neuronal Cell Death during Development At least ten retinas of each genotype were quantified for the number of apoptotic cells using TUNEL staining. Data were analyzed as K independent samples using UniStatv2 software.
Flower
Lose-A and Flower Lose-B Overexpression At least four retinas of each genotype were quantified for the number of TUNEL-positive cells. Data were analyzed with the K independent samples test (UniStatv2).
Neuronal Targeting
At least eight retinas of each genotype were analyzed for the number of TUNEL-positive cells. Data were analyzed as K independent samples test or Student's t test (UniStatv2).
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